A special measuring method with Langmuir probes was established which yields the plasma potential in high-pressure plasmas to determine separate cathode and anode falls of HID electrodes. The probes consist of two tungsten wires which are inserted via side arms into the discharge tube of a model lamp. Their bended ends form together a full circle which surrounds the arc at its boundary. One probe is operated at floating potential with the other one a current-voltage characteristic of the probe is recorded. Its shape corresponds to that taken with a plane probe in a low-pressure plasma. Taking into account the radial voltage drop between the axis and the boundary of the arc, it was shown that the inflection point between the retarded electron current and electron saturation current represents the plasma potential in the arc axis. The electrode falls were determined by an extrapolation of the plasma potential which was measured along the arc axis towards the electrodes. Cathode and anode fall measurements at tungsten electrodes of different diameters are presented which were performed with an arc in argon at 0.26 MPa at currents between 1.5 and 6 A.
Introduction
Cathode and anode falls are characteristic properties of arc electrodes and important parameters of arc discharges. They are especially major sources of lamp losses in H(igh) I(ntensity) D(ischarge) lamps. To improve the design of these lamps it is of particular interest to determine the cathode and anode fall under HID lamp conditions by experiments and by modelling [1] .
It is relatively easy to measure the sum of the cathode and the anode fall of an arc discharge by a variation of the arc length.
But it is very difficult to determine the cathode and the anode fall separately by electrical measurements. In principle, it is possible to deduce the cathode fall from the power removed by thermal radiation and heat conduction from the cathode. The relation between the cathode fall U c and the power dissipated at the cathode was already given many years ago by Bauer and Schulz [2] . In an accompanying paper [1] in this issue it was used to determine U c from measured power losses. However, the validity of the relation depends on assumptions which cannot be confirmed in a simple manner. Therefore, the values of electrode falls determined from power measurements at the cathode are doubtful.
A solution may be the measurement of the plasma potential in the arc discharge by probes. Probe measurements are extensively used today in low-pressure plasmas [3] . As far as high-pressure plasmas are concerned, the technique best developed is the determination of the charged particle density in the undisturbed plasma from a measured value of current at which a change of slope occurs on the ion branch of the probe characteristic [4, 5] . There is also a number of studies on determination of the electron temperature in high-pressure plasmas from electrostatic probe measurements [6] [7] [8] [9] [10] . Leveroni and Pfender [10] have shown that measurements at an arc can be performed with Langmuir probes which are inserted radially into disks by which the tube of a cascaded arc is formed. But with the double probe used in the experiment they were only able to determine the electron temperature close to the tube wall but not the plasma potential in the arc axis. An example for the determination of the plasma potential in a high-pressure arc plasma by probe measurements was given by Sanders and Pfender [11] . With a Langmuir probe which was inserted in the axis of a disk-shaped water cooled arc anode they determined at first the electron temperature from the slope of the probe characteristic. Then they calculated the plasma potential in front of the anode from the floating potential and the electron temperature. But it is clear that the method cannot be applied in the case of HID electrodes.
Other authors have used probes which were moved very fast through a free burning arc perpendicular to the discharge axis to determine the plasma potential at different positions between the electrodes. Electrode falls were deduced from an extrapolation of the axial distribution of the plasma potential towards the electrodes [12] [13] [14] . However, an interpretation of the measurements is difficult since only the floating potential can be measured. Moreover, it is not very promising to use such probes for measurements at arc discharges operated in lamp tubes. In practice, probe measurements in arc discharges are hampered by two problems:
(i) an arc will make way for a cold probe; (ii) without external cooling, probes may be thermally destroyed if they are immersed for a longer time into an arc. In this paper a method of probe measurements will be presented by which at least for low current arcs these difficulties are circumvented.
In section 2 at first the special probe design will be presented for measurements in the model lamp presented in [1] . The probes will be used to measure the plasma potential in an arc which is operated in the model lamp between HID electrodes with argon or xenon as working gas. In section 3 an interpretation of the measured probe characteristic will be given from which the plasma potential in the arc axis is deduced. The statement in [15] will be confirmed that with Langmuir probes not only at low but also at high pressure, reliable measurements of plasma properties can be performed. The capability of the measuring method is shown in section 4. For this purpose some typical results for cathode and anode falls are presented which are taken from an interpolation of the measured potential distribution towards the electrodes. Finally in section 5, the results are summarized and related to other investigations at the model lamp. The paper is an extract of a more detailed description of probe measurements in a model lamp given by Luhmann [16] .
Langmuir-probe measurements in a model lamp
It is quite hopeless to perform Langmuir-probe measurements in real HID lamps. For these reasons, for probe and other measurements in noble gases a model lamp was realized. The principal set-up for Langmuir-probe measurements in the model lamp is shown in figure 1 . The lamp consists of a tube made of fused silica with an inner diameter of 9 mm in most cases. It is fixed at both ends in metallic end pieces. Electrode holders are inserted into the tube through axial cylindrical holes in the end pieces. They can be displaced within the tube by stepping motors. Tungsten electrodes of different length and diameter d E are soldered into the tips of the holders. The arc was operated with currents between 1 and 10 A at pressures between 0.1 and 1 MPa in argon or xenon. A more detailed description of Bochum's model lamp is given in [1, 16, 17] .
For probe measurements, two tubes of smaller diameter are attached in the middle of the main tube so that a cross is formed. Two probes are inserted into the discharge tube through these side arms. They are made of thin tungsten wires shaped as half circles at their ends so that both probes form a ring with a radius R p which surrounds the arc. The diameter of the probe wire amounts d p = 0.3-0.5 mm, the circumference of the half circle πR p = 6.5-9.5 mm. One probe is operated at floating potential U fl , the other is biased with a positive voltage ramp u p (t) relative to the grounded cathode. The probe current i p was measured as a function of the probe voltage u p with a current probe (Tektronix A 6302) when a maximum resolution of 1 mA was sufficient. Figure 2 shows an example of a current-voltage characteristic together with the floating potential recorded at an argon arc of 1.5 A at a filling gas pressure of 0.26 MPa. For comparison, in figure 3 a probe characteristic is given which was recorded with a xenon arc of 4.5 A at a filling gas pressure of 0.26 MPa. The probe characteristics are results of a filtering procedure applied to the data recorded with a digital oscilloscope [16] . The shape of the probe characteristics i p = f (u p ) corresponds to that measured in low-pressure plasmas. The current zero point, in which the ion current and the electron current to the probe are the same, represents the floating potential U fl determined by ambipolar diffusion. The ion current dominates at lower voltages u p < U fl , the electron current from the plasma to the probe at higher voltages u p > U fl . It increases with enhanced voltage until an electron saturation current I e,sat is reached with a well-defined inflection point at a special voltage U p1 . For u p > U p1 , the probe current remains at the constant value I e,sat for a large voltage range. Finally a steep current increase occurs. The length of the current plateau is approximately 11.55 V for Ar and 8.55 V for Xe which corresponds to the energy eU ex of the first excited level of these noble gases.
(We thank Waymouth for pointing this out [19] ). It should be mentioned that the plateau can only be observed if the filling gas is very clean. The floating potential recorded by the other probe remains constant until the steep current increase occurs behind the plateau. It adopts a lower value when the current carrying probe becomes the new anode.
For a more detailed investigation in the vicinity of the floating potential the resolution of the probe current measurement was enhanced by a so-called clipping shunt. It consists, as shown in figure 1 , of a high Ohmic resistor R 1 (10 k ) at which by i p the voltage drop u s1 − u s2 is produced, and a low Ohmic resistor R 2 (10 ) in series at which u s2 is measured. The resistor R 1 is bypassed by two diodes which limit the voltage drop to u s1 − u s2 = 0.5-0.6 V. The two antiparallel diodes are used to compensate the capacitance of the diodes when the direction of the probe current reverses at floating potential. Figure 4 shows records of a probe characteristic with the clipping shunt. The measurement with R 2 is represented on the mA scale of the ordinate on the left side, the measurement with R 1 + R 2 on the µA scale of the ordinate on the right side. On the mA scale the whole probe characteristic is given while on the µA scale the ion current and the retarded electron current are recorded in the vicinity of the floating potential.
In addition in figure 4 , a linear extrapolation of the ion current beyond the floating potential i pi is inserted by a broken line. Subtracting the extrapolated ion current i pi the retarded electron current i pe = i p − i pi was determined also for small probe currents. For higher probe currents i pi can be neglected and i p identified with i pe . In the figure the retarded electron current I e,fl at the floating potential U fl is indicated in addition to the electron saturation current I e,sat . Finally in figure 5 an example of a logarithmic plot of the retarded electron current i pe in dependence on the probe voltage u p is given. It represents an exponential growth of i pe over five orders of magnitude indicating a constant electron temperature T ep in front of the probe.
Interpretation of the probe measurements
It has to be considered that the circular probe arrangement enhances locally the radial heat losses of the arc column and therefore the axial field strength within the ring formed by the probes. But the increase of the arc voltage by the probe arrangement is within the margins of error of the arc voltage measurement. The reason is the small dimension of the probes (section 2).
Above all it has to be taken into account that the arc current I arc is always much larger than the probe current i p (I arc i p ) as long as the probe current does not exceed the electron saturation current I e,sat . Therefore, the radial distribution of the electron temperature T e (r) and electron density n e (r) in the arc column is determined by the arc current and cannot be significantly modified by the probe current.
A voltage drop is established between the arc axis and the probe by T e (r) and n e (r) when the probe is operated at floating potential. A sketch of the voltage drop in front of the floating probe is given on the right side of figure 6 while on the left side the radial potential distribution is shown when for u p > U p1 the electron saturation current is transferred to the probe. The voltage drop U pp −U fl between the plasma potential U pp in the arc axis and the potential of the floating probe U fl is composed of the radial voltage drop ϕ r,fl in the column which governs ambipolar diffusion of the ions and electrons toward the probe and of the voltage drop ϕ p,fl at the sheath in front of the probe. The assumption that T e (r) and n e (r) are independent of i p is confirmed by the course of the floating potential recorded by the floating probe. It is constant for each value of i p until the saturation current I e,sat passes into the steep current increase at high probe voltages. An example is shown in figure 2. A constant value of the electron saturation current as shown by the characteristics in figures 2 and 3 is a typical feature of a plane probe. It demonstrates that the width of the sheath in front of the probe d s is much smaller than the diameter of the probe wire d p (d p = 0.3-0.5 mm). Moreover, it is noteworthy that the voltage difference U p2 −U p1 between the steep current increase at U p2 and the inflection point between the retarded electron current and electron saturation current U p1 corresponds to the excitation voltage U ex of the lowest excited state of Ar and Xe. This is a metastable state. It indicates that the electrons which enter the sheath may not collide in it or make only elastic collisions with heavy particles in which the electrons lose an amount of energy that is negligible compared to eU ex . Only when they have passed the corresponding potential difference in the sheath, they are able to excite the metastable states by inelastic collisions. The atoms in metastable states may be ionized by a second electron impact, or by contact ioniziation at the probe. The increase of the charged particle density initiates the breakdown of the sheath. The outcome U p2 − U p1 = U ex suggests that the voltage drop u p −U p1 is only applied to the sheath and the radial voltage drop in the arc column ϕ r is removed when the electron saturation current is transferred to the probe. This potential distribution is already anticipated on the left side of figure 6 . A more detailed justification is given subsequently.
The electron saturation current I e,sat can be presented by
T ep and n ep are the electron temperature and electron density, respectively, in the plasma in front of the probe. A p is the surface of the probe which is in electrical contact with the arc.
As an approximate value A p = 0.5π 2 d p R p is taken where d p is the diameter of the probe wire and πR p the probe length. The retarded electron current i pe for u p < U p1 is related to the electron saturation current I e,sat and the voltage drop ϕ p across the sheath according to
It is shown in [15] that equations (1) and (2) are not only valid for a sheath which is passed by the electrons without collisions but also for a sheath with electron collisions in it as long as the electron temperature T e given by the Einstein relation corresponds to the average energy of Maxwell distributed electrons in the sheath:
The electron energy distribution is Maxwellian in the arc column and therefore also for the electrons entering the sheath at least as long as for ϕ p > 0 the electrons are retarded in the sheath. Beyond theoretical considerations the validity of equation (2) is demonstrated by the experimental results. An example is given in figure 5 . A fundamental theoretical investigation of the problem is given in [9] . ϕ p can be expressed by the voltages given in figure 6 :
U pp is the plasma potential in the arc axis fixed by I arc . The radial voltage drop ϕ r is nearly independent of i p for low probe currents i p in the vicinity of the floating potential U fl . For ϕ r ≈ ϕ r,fl , the relation holds
Then T ep may be determined from the logarithmic derivative of equation (2) in the vicinity of U fl :
With T ep and the retarded electron current I e,fl at U fl , the sheath voltage at floating potential ϕ p,fl can be calculated: 
From an analysis of the probe characteristics which are recorded at different arc currents ϕ p,fl = 2.5-3.5 V is found. This is approximately only 50% of the voltage difference U p1 −U p,fl 7 V. It means that for u p = U p1 not only the sheath voltage ϕ p is removed which is indicated by the establishment of the electron saturation current. It also shows that ϕ r,fl is compensated at least in parts by the probe voltage.
To check this assumption ϕ r,fl will be estimated. Starting point is the expression for the radial component of the electron current density j er or ion current density j ir , respectively, in the arc column. Taking into account the directions of j er , j ir and of the electrical field strength E r indicated in figure 6 the expressions for the current densities are
µ e and µ i are the electron and ion mobility, respectively, n e and n i are the electron and ion density in the arc column, respectively. The corresponding pressures are p e (r) = n e (r)kT e (r),
where T e (r) is the electron and T (r) is the gas temperature in the arc column.
In the case of u p = U p,fl ambipolar diffusion is established with j er + j ir = 0.
Inserting equations (8) and (9) into equation (11) and additionally taking into account µ e µ i and n e ≈ n i , the radial field strength E r is found:
ep e dp e dr (12) and the radial voltage drop:
kT e e dp e p e .
To calculate ϕ r,fl the radial distributions of T e (r) and p e (r) between the axis and the probe are needed, but the measurement of the complete distributions is extremely difficult. The problem can be circumvented if a relation p e = f (T e ) is assumed under the condition of a constant filling gas pressure p. But for p e = f (T e ) only a reasonable approximation can be given since local thermal equilibrium (LTE) is not ensured within the discharge [18] . Instead only a partial local thermal equilibrium (PLTE) is realized with a Maxwellian electron energy distribution as is indicated by the probe measurements. Considering that the gas pressure and the axial field strength in the arc column are independent of r, the factor T e /T = f T between electron and gas temperature is approximately constant in the arc column. Saha equation is used as a starting point for an approximation of p e = f (T e ):
Taking into account p i = p e T /T e = p e f −1
T and p ≈ p a p e , p i which reflects the low degree of ionization in the arc column, it follows for the relation p e = f (T e ) that
With
the relation is matched to n e (0), T e (0) on the arc axis and n ep , T ep in front of the probe. Carrying out the integral in equation (13), ϕ r,fl is found:
T ep and n ep are determined by applying equations (6) and (1) to measured probe characteristics. T e (0) and n e (0) are attained from spectroscopic measurements at the arc column. The absolute intensity distributions of nine argon atomic lines in the visible and near infrared spectral range were measured in a direction perpendicular to the arc axis. This provided the surface radiation density from which by Abel inversion the volume emission coefficient (r) of the lines was calculated. From the number density of particles in the emitting states was determined. T e was deduced from a Boltzmann plot of the nine number densities. The straight line in the Boltzmann plot confirms that PLTE is also realized within the light emitting core of the arc column. To determine n e , a modified version of the Saha equation was used in which the charged particle density was related to the number density n m of atoms in the excited state m:
It is valid under PLTE conditions. A more detailed description of the measurements is given elsewhere [17] . Values for T e (0), n e (0), T ep and n ep are given in table 1 for an argon arc operated with a current of 4.5 and 6 A at a pressure of 0.26 MPa. ϕ r,fl was estimated by insertion of these quantities into equation (17) . It should be mentioned that ϕ r,fl is not very sensitive on how p e (r) and T e (r) are interpolated between the arc axis and the probe. In table 2 for the same parameters the voltages ϕ p,fl , ϕ r,fl , ϕ p,fl + ϕ r,fl and U p1 − U fl are summarized. A comparison of the values given in table 2 shows that within the margins of error, the relation holds:
This means that at u p = U p1 the radial voltage drop in the arc is more or less balanced by the probe voltage. For U p1 < u p < U p2 , the electrical potential is taken constant within the arc and the voltage drop u p −U p1 is attached exclusively to the sheath (see left side of figure 6 ). The plateau i p = I e,sat within the voltage range u p = U ex shows that the electron saturation current is only determined by n ep and T ep (equation (1)). An appropriate potential distribution and current density j er is adjusted within the arc to supply I e,sat according to equation (8) . For this reason a radial voltage drop ϕ r,sat may still be present for u p U p1 . However, Table 1 . Electron temperatures and electron densities. Table 2 . Calculated and measured potential drops. 
and, therefore, the plasma potential in the arc column U pp is given by
This clearly demonstrates that the voltage U p1 at the inflection point of the probe characteristic corresponds in a good approximation to the plasma potential U pp on the arc axis in front of the probe.
Determination of cathode and anode falls
The plasma potential U pp was measured along the arc axis to find out separate values of the cathode fall U c and anode fall U a for special electrodes, arc currents and gas atmospheres. For this purpose the arc of a constant length l arc (mostly 20 mm) was shifted relatively to the Langmuir probes by equal distant displacements of both electrodes with stepping motors. At each position a probe characteristic was recorded to get the inflection point U p1 = U pp of it. A typical result of such measurements is given in figure 7 . The plasma potential in the arc axis U pp is shown in dependence on the distance of the probe from the cathode d pc and in addition the total arc voltage U arc which is recorded simultaneously with each probe characteristic. The plasma potential increases linearly with the distance d pc from the cathode indicating a constant axial field strength E z in the arc column. The cathode fall U c and the anode fall U a are determined by a linear extrapolation of the plasma potential to the electrodes. The extrapolated cathode fall is given by
and the extrapolated anode fall by
It is clear that these electrode falls gained by extrapolation are afflicted with systematic errors since the electrical field strength E z changes immediately in front of the electrodes as a consequence of the constriction of the arc column. The effect depends on the modes of arc attachment to the electrodes. Especially at the cathode different modes of arc attachment are observed. In two other papers of this issue a diffuse mode, a spot mode and a so-called super spot mode of cathodic arc attachment are described [20, 21] . In the diffuse mode, the arc constriction is quite weak or even missing. Therefore, in this case, the systematic error will be small. However, in the spot mode and even more in the super spot mode, a strong contraction of the arc column to a small area of arc attachment to the cathode is observed. In these cases the field strength may be enhanced or reduced in front of the cathode; therefore, the extrapolated electrode falls may be too high or too low. But also at the anode, different although less pronounced modes of arc attachment are observed.
Moreover it has to be taken into account that the area of arc attachment changes permanently its position on the electrode surface in a statistical manner. Exceptions are the diffuse but also the super spot mode at the cathode [20, 21] . In addition the position of the arc in front of the probe may fluctuate. The consequence is a statistical voltage fluctuation which is responsible for the scattered results of the electrode fall measurements. The limits of accuracy will be demonstrated by two examples of repeated measurements of the arc voltage, cathode fall and anode fall in the model lamp, filled with argon at a pressure of 0.26 MPa. Electrodes made of pure tungsten were used with a diameter of 1.5 mm and an electrode length of 25 mm which may show a diffuse as well as a spot mode of cathodic arc attachment under the same macroscopic conditions. Figure 8 shows two series of independent measurements performed with different electrodes but with an arc attachment in the diffuse mode on the cathode in both series. In figure 9 ten series of measurements are presented in which the current transfer to the cathode took place in the spot mode. The measurements were performed with three different electrode sets. The differences between the two series in figure 8 are mainly caused by fluctuations in the arc column and at the anode and presumably also by small tolerances between the electrodes. The superposition of fluctuations which are typical for the spot mode of cathodic arc attachment is responsible for the enhanced scatter of the measuring points in figure 9 . The maximum standard deviations in figure 9 are U c = 2.2 V and U a = 2.8 V. The scatter of the measuring points in figures 8 and 9 shows the degree of reproducibility of electrode fall measurements which can be presently achieved in the model lamp with Langmuir probes. This has to be taken into account to avoid an overinterpretation of the measuring results.
In figure 10 cathode and anode fall measurements with electrodes made of pure tungsten with diameters of d E = 0.6, 1 and 1.5 mm and an electrode length of L E = 25 mm are summarized. The fill gas in the model lamp was argon at a pressure of 0.26 MPa. The cathodes of different diameters were operated in the diffuse mode. The measurements clearly demonstrate the enlargement of U c with increasing electrode diameter d E and the reduction of U c with increasing arc current. The cathode falls U c determined from pyrometric measurements which are given in figure 8(e) of the accompanying paper [1] confirm these tendencies. However, the quantitative agreement is not fully satisfying. Especially for the electrode with d E = 1.5 mm, the electrode falls from electrical measurements are distinctly higher at low currents than from pyrometric measurements. The reason is that during the electrical measurements the cathode could be operated also at low currents in the diffuse mode, but during the pyrometric measurements it was not possible to avoid the spot mode at low currents. The measuring results of the anode fall U a are more affected by fluctuations in the arc column than the measurements of U c . Moreover, it is difficult to realize, within a measurement, mode changes of the anodic arc attachment. These are distinctly less pronounced than mode changes at the cathode. The measurements show, within the margins of error, an anode fall which is independent of the electrode diameter and nearly independent of the arc current. This corresponds with the linear increase of the power losses at the anode which was measured pyrometrically in [1] .
Further measuring results for a selection of shapes, different electrode materials (pure and thoriated tungsten) and with xenon as filling gas are given by Luhmann [16] .
Conclusions
A model lamp was developed in Bochum for investigations at electrodes for HID lamps which offers the unique chance to determine the plasma potential in low-current arcs operated in noble gases at pressures of 0.1-1 MPa by Langmuirprobe measurements. Using a special probe design, it was possible to record probe characteristics which are similar to those known from measurements with plane probes in lowpressure plasmas. It was shown by a detailed investigation that the inflection point between the retarded electron current and the electron saturation current corresponds in a good approximation to the plasma potential U pp in the arc axis. By an extrapolation of U pp measured at known axial positions, the cathode and anode fall were determined. In a subsequent paper [22] , cathode falls from probe measurements will be compared with those gained from pyrometric measurements [1] . By the check the validity of the relation between the cathode fall and the power losses at the cathode will be proved.
Up to now it is not clear whether it is generally possible to determine the plasma potential in a high-pressure arc by probe measurements or only in arcs which are operated in noble gases. Noble gases as Ar, Kr and Xe are characterized by extremely low Ramsauer cross sections for electron collisions which may be decisive for probe measurements.
